Previous reports have demonstrated that embryonic stem cells were capable of differentiating into primordial germ cells through the formation of embryoid bodies that subsequently generated oocyte-like cells (OLCs). Such a process could facilitate studies of primordial follicle oocyte development in vitro and regenerative medicine. To investigate the pluripotency of human amniotic fluid stem cells (hAFSCs) and their ability to differentiate into germ cells, we isolated a CD117 + /CD44 + hAFSC line that showed fibroblastoid morphology and intrinsically expressed both stem cell markers (OCT4, NANOG, SOX2) and germ cell markers (DAZL, STELLA). To encourage differentiation into OLCs, the hAFSCs were first cultured in a medium supplemented with 5% porcine follicular fluid for 10 days. During the induction period, cell aggregates formed and syntheses of steroid hormones were detected; some OLCs and granulosa cell-like cells could be loosened from the surface of the culture dish. Cell aggregates were collected and replated in oocyte culture medium for an additional 7-10 days. OLCs ranging from 50 to 120 lm presenting zona pellucida were observed in cumulus-oocyte complexes; some OLCs developed spontaneously into multicell structures similar to preimplantation embryos. Approximately 2% of the hAFSCs differentiated to meiotic germ cells that expressed folliculogenesis-and oogenesis-associated markers. Although the in vitro maturation and fertilization potentials are as yet unproven, short-term (,25 days) and high-efficiency (.2%) derivation of OLCs from hAFSCs might provide a new approach to the study of human germ cell development in vitro.
INTRODUCTION
Human amniotic fluid obtained during routine secondtrimester amniocentesis contains normal embryonic and fetal chipping cells derived from the three germ layers [1] . Human amniotic fluid stem cells (hAFSCs), first affirmed in 2007, have properties of embryonic stem (ES) cells and adult stem cells and have self-renewal capability and multilineage differentiation potential [2, 3] . Human AFSCs express both embryonic-specific cell markers OCT4, SSEA-4, and TRA-1-60 and mesenchymal-specific cell markers CD29, CD44, CD90, and CD117 [4] . Amniotic fluid stem cells have low oncogenicity and do not form teratomas when injected subcutaneously into nude mice [5] . Because of their low immunogenicity and robust renewal capacity, hAFSCs are an ideal cell source for therapeutic applications and regenerative medicine studies [6, 7] .
Previous reports have demonstrated the derivation of male and female gametes from ES cells [8, 9] . ES cells were the first to differentiate as embryoid bodies (EBs) in vitro, which produced steroid hormones and supported primordial germ cell (PGC) formation. PGCs isolated from EBs formed aggregates showing follicle-like structures [10, 11] . In suspension culture, cells aggregated into cumulus-oocyte complexes (COCs) producing steroid hormones and extruding oocyte-like cells (OLCs), which expressed markers resembling oocytes and spontaneously developed into blastocyst-like embryos via parthenogenetic activation in vitro [8, 12] . With bone morphogenetic protein induction and overexpression of germ cell markers (DAZL, BOULE, and DAZ), human induced pluripotent stem (iPS) cells can also differentiate to PGCs, and then to meiotic germ cells [13] . In addition to ES and iPS cells, somatic stem cells can also give rise to putative germ cells. For instance, fetal porcine skin stem cells that were induced in the conditioned medium formed both PGCs and OLCs [14, 15] , and pancreatic stem cells differentiated into VASA (an essential protein for germ cell development)/growth differentiation factor 9 (GDF9)-positive OLCs by forming tissue-like structures [16] . Recently, offspring from oocytes derived from in vitro primordial germ-like cells in mice have been reported [17] , demonstrating that germ cells derived from stem cells can perform a physiological role after in vitro maturation and fertilization.
To monitor the progress of oogenesis development in vitro, reporter constructs have been built by linking promoters of germ cell-specific markers to enhanced green fluorescent protein (EGFP), e.g., Oct4-GFP [8] , Gdf9-EGFP [18] , and Dazl-EGFP [15] . In our previous study we found that hAFSCs retained a basal level expression of GDF9, but the bone morphogenetic protein 15 (BMP15), a crucial gene for germline cell development and oocyte function, was activated only during differentiation into OLCs [19] . The BMP15-EGFP construct was then used for OLC screening. Additionally, several key signaling factors involved in regulating germ cell fate were revealed during PGC formation and OLC development. OCT4 expression was significantly upregulated in the follicle-like structures. The committed meiotic oocytes could be enriched by combining OCT4 and epithelial cell adhesion molecule [20] or CD117 (also named c-Kit) [8] . Activated FIGLA and synaptonemal complex protein 3 (SCP3) were used as markers to indicate primordial follicle formation, meiotic entry, and initiation of zona pellucida (ZP) glycoprotein 2 synthesis [16, 21] . DAZL, a germ cell-specific RNA-binding protein, regulated the expression of STELLA, VASA, and PRDM1 and associated with DAZ and BOULE genes to promote PGC formation, the later stages of meiosis, and the development of haploid gametes [22, 23] . These pioneering studies have helped us to comprehend in vitro human gametogenesis.
Our previous report demonstrated that BMP15 rather than GDF9 was a specific and efficient marker to appraise OLC development. Though OLCs could be derived from hAFSCs, the yield was low and variability occurred. We found that several factors, including the quality of porcine follicular fluid (pFF), the purity of hAFSCs, and the induction strategy, heavily influenced the reproducibility and productivity of OLC derivation. Thus, the aim of this study was to systematically investigate the differentiation plasticity of hAFSCs. The hAFSCs were sorted with a flow cytometer, and CD117 þ / CD44 þ hAFSCs were used to induce OLC differentiation in a two-stage procedure. The generated OLCs could enter meiosis and spontaneously develop into multicell embryos. This study revealed that hAFSCs retained the potential for generating female gametes and could be useful in therapeutic applications and regenerative medicine.
MATERIALS AND METHODS

Preparation of Culture Media and pFF
The medium for culturing human amniotic fluid cells (Medium-AFC) consisted of alpha minimum essential medium (alpha-MEM; Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco), 18% Chang B, 2% Chang C (Irvine Scientific), 1% L-glutamine (Invitrogen), and 1% penicillin/ streptomycin (Gibco). The medium for culturing hAFSCs (Medium-hAFSC) consisted of alpha-MEM supplemented with 10% FBS, 1% L-glutamine, 1% nonessential amino acids (NEAA; Gibco), 5 ng/ml basic fibroblast growth factor (bFGF; Millipore), 0.1 mM b-mercaptoethanol (Gibco), and 1% penicillin/streptomycin. The medium for inducing hAFSC differentiation into myogenic cells (Medium-Myo) consisted of alpha-MEM supplemented with 10% KnockOut Serum Replacement (KSR; Gibco), 0.1 mM vitamin C, and 5 lM 5-aza. The medium for inducing hAFSC differentiation into neurogenic cells (Medium-Neu) consisted of alpha-MEM supplemented with 20% FBS, 1 mM b-mercaptoethanol, and 5 ng/ml bFGF. The medium for inducing hAFSC differentiation into germ cells (Medium-GC) consisted of alpha-MEM supplemented with 5% FBS, 5% pFF, 2 mM L-glutamine, 1% NEAA, and 0.1 mM b-mercaptoethanol. The medium for in vitro OLC maturation (Medium-OLC) consisted of TCM 199 (Gibco) supplemented with 3 mg/ml bovine serum albumin (BSA), 2.5 U/ml follicle-stimulating hormone (FSH; Sigma), 10 U/ml human chorionic gonadotropin (Sigma), 10 IU/ml equine chorionic gonadotropin (Sigma), 0.23 mM pyruvic acid, 10 ng/ml epidermal growth factor (EGF; Sigma), and 1% insulin-transferrin-selenium (ITS; Gibco).
For preparing pFF, porcine ovaries were collected from peripubertal gilts at a local slaughterhouse (Yangling) and were transferred to the laboratory within 2 h in saline solution with 100 mg/L penicillin/streptomycin at 30-378C. The pFF was aspirated from follicles (3-6 mm in diameter) using a 10-ml syringe with an 18-gauge needle, and COCs and granular cells were removed from pFF by centrifugation at 3000 3 g for 20 min at 48C. The pFF was passed through 0.45-and 0.22-lm sterile filters, and then aliquoted in 5 ml/tube for future use. Aliquots were stored at À808C.
Culture of hAFSCs
The protocols for handling human and animal specimens were approved by the Ethical Review Board in Maternal and Child Health Hospital of Shaanxi Province and the Ethics Committee of Northwest A&F University (Shaanxi, China). The human specimens collected were obtained with written informed consent from each patient. Human amniotic fluid samples were obtained from 26 patients at 13-24 wk of gestation and centrifuged at 1000 3 g for 10 min. The cells were washed twice with Dulbecco PBS (DPBS; Gibco) plus 5% FBS and 1% penicillin/streptomycin (Invitrogen) and cultured in Medium-AFC at 378C, 5% CO 2 for 3-6 days. Individual fibroblast-like cell clones were isolated mechanically and subcultured in 24-well plates with Medium-hAFSC. When 80% confluence was reached, human AFSCs were treated with 0.05% trypsin-EDTA (Invitrogen) for 5 min, and the released cells were collected and reseeded in 35-mm culture dishes; the medium was changed every 2 days. For measuring cell growth rate, 2 3 10 5 hAFSCs at passage 6 were seeded in a 24-well plate and incubated with 5%, 10%, or 15% of either FBS or KSR. Cell numbers were counted every day for 8 days (n ¼ 3).
Plasmid Transfection
The pBMP15-EGFP vector with a human BMP15 promoter sequence (À1136 to þ1) was constructed as described previously [19] . To conduct the transient transfection, cells were washed with PBS once and incubated with 4 lg of DNA, 10 ll of Lipofectamine 2000 (Invitrogen), and 500 ll of Opti-MEM (Invitrogen) for 4-6 h. After transfection, the medium was replaced with alpha-MEM culture medium at 378C, 5% CO 2 . Staining with 4 0 ,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) was employed to detect nuclear DNA. The images were documented with a fluorescence microscope (Nikon) 24-48 h posttransfection.
Karyotype and Flow Cytometry Analysis
For karyotype analysis, 2 3 10 6 cells were treated with 0.1 mg/ml Colcemid (Sigma-Aldrich) for 2 h and collected by centrifugation at 500 3 g. The cell pellet was exposed to hypotonic shock with prewarmed 0.075 M KCl for 20 min at 378C, and fixed with cold methanol:acetic acid (3:1, v/v) solution for 5 min. Cells were spread on a cold microscope slide and stained with Giemsa stain for 8 min.
For flow cytometry analysis, cells at 10-15 passages were trypsinized and washed with DPBS for 10 min. Cells were incubated with fluorescein isothiocyanate (FITC)-or phycoerythrin (PE)-conjugated antibodies. Antibodies against CD29 (5:100 dilution; product no. 555443), CD34 (5:100 dilution; product no 555822), CD44 (5:100 dilution; product no. 550989), CD45 (5:100 dilution; product no. 555482), and CD117 (5:100 dilution; product no. 555714) (all from BD Pharmingen) were purchased from Becton Dickinson. Nonbinding isotype-matched FITC or PE-conjugated mouse IgG was utilized in the control experiments. Cells were then analyzed on a FACSCalibur flow cytometer (Becton Dickinson). For cell cycle and DNA content analysis, 1 3 10 6 cells of uninduced and induced hAFSCs (from Days 0, 5, and 10) were treated with trypsin-EDTA, collected into Eppendorf tubes, and fixed with 70% cold ethanol at 48C for 24 h. After washing with DPBS, cells were incubated in 1 ml of 40 lg/ml propidium iodide (PI; Sigma-Aldrich), 100 lg/ml RNase (Invitrogen) for 1 h at 378C in the dark, then analyzed on a FACSCalibur flow cytometer.
EB Formation and Lineage Differentiation
To promote EB formation, human AFSCs collected after 10-15 passages were grown in alpha-MEM medium with 10% FBS; the medium was changed every 2 days. After 6-8 days of suspension culture, EBs were collected and their RNA was isolated. The expression of markers from three germ layers, fibroblast growth factor 5 (FGF5) (ectoderm), HBZ (mesoderm), and AFP (endoderm), was analyzed by RT-PCR. The alkaline phosphatase (AP) activity of EBs that were reseeded in a gelatin (Sigma-Aldrich)-coated culture plate was detected by AST Fast Red TR and alpha-Naphthol AS-MX Phosphate (SigmaAldrich) according to the manufacturer's instructions. To test for myogenic differentiation, EBs were seeded in a gelatin-coated culture plate with MediumMyo for 4-6 days; the medium was changed every 2 days. Myocyte-specific markers MYO-D and TBX, and muscle marker Alpha-Actinin were determined with immunocytochemistry, and markers NKX2.5, GATA4, and alpha-MHC were determined with RT-PCR. To test for neurogenic differentiation, EBs were first seeded in the gelatin-coated culture plate for 24 h, transferred to Medium-Neu for 24 h, and then treated with serum depletion medium for 5 h. The neuronal cell markers NESTIN, neuron-specific enolase (NSE), FGF5, and CD56 (also known as neural cell adhesion molecule [NCAM]) were examined by RT-PCR.
Differentiation into Germ Cells
To induce female germ cell differentiation, human AFSCs at early passages (4-8) were trypsinized, and 1 3 10 5 cells were plated on a 60-mm culture dish with Medium-GC. Half of the culture medium was replaced every 2 days. Five days after differentiation, a subpopulation of cells showing a round shape became visible, and aggregates were formed on the top of the monolayer culture. Medium should be changed every day to ensure cellular vitality. Cell YU ET AL.
aggregates were propagated for 10 days until follicle-like structures that showed BMP15 expression could be observed, and then collected for further investigation.
For in vitro maturation of oocyte-like cells, three to five OLCs from follicle-like structures were transferred into a 30-ll droplet, covered with mineral oil, and incubated with Medium-OLC for 7 days, changing half the medium every 2 days. OLCs varying in size from 50 to 120 lm in diameter could then be observed. Meanwhile, the master culture plate was maintained in fresh medium; the medium was changed every day for another 15 days. During this growth period, cell aggregates could be constantly released from the culture plate. Some OLCs were collected from the droplet by a glass needle and were stained with 5 lg/ml DAPI for 5 min, washed with PBS three times, and visualized under a fluorescence microscope (Nikon).
Hormone Assay
Concentrations of estradiol in pFF and culture media collected from different time points during cell differentiation were determined by radioimmunoassay following a procedure described in a previous report [24] . Three repeats were performed at each time point.
Polymerase Chain Reaction
Total RNA was isolated from OLCs with an RNeasy Mini Kit (Qiagen) following the manufacturer's instructions. For semiquantitative RT-PCR, 1 lg of RNA was reverse transcribed into cDNA with a RevertAid kit (Thermo Fisher Scientific). Complementary DNA was then amplified in a 50-ll reaction volume for 35 cycles: 948C for 30 sec, 538C for 30 sec, and 728C for 60 sec. Glyceraldehyde phosphate dehydrogenase (GAPDH) gene expression was measured as an internal control. Quantitative real time RT-PCR (qRT-PCR) was carried out on a programmed thermal cycler (ABI StepOne Plus) using the SYBR Premix Ex Taq kit (TaKaRa). Then 2.0 ll cDNA was added to 12.5 ll SYBR green mixed with ROX passive reference dye and 0.3 lM each of forward and reverse primers; H 2 O was added to a final volume of 25 ll. The reaction was carried out for 40 cycles following the manufacturer's protocol. The primer sequences are listed in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org). The negative ''mock RT'' controls for RT-PCR were performed to verify the specificity of the PCR reactions.
Immunocytochemistry and Western Blotting
To perform the immunocytochemistry staining, human AFSCs at passage 6 were fixed in 4% paraformaldehyde in DPBS for 20 min. The fixed cells were washed twice and incubated with DPBS containing 0.2% Triton X-100 for 10 min. Cells were blocked with blocking buffer (1% BSA, 0.1% Tween-20 in DPBS) for 30 min, then incubated with the primary antibody overnight at 48C. Antibodies against OCT4 (1:400 dilution; product no. 2890), SSEA-4 (1:200 dilution; product no. 4755), TRA-1-60 (1:100 dilution; product no. 4746), CD117 (1:200 dilution; product no. 3308), SOX2 (1:300 dilution; product no. 3579), and VASA (1:200 dilution; product no. 8761) were from Cell Signaling; NANOG (1:400 dilution; product no. ab80892), SCP3 (1:500 dilution; product no. ab181746), and beta-actin (1:1000 dilution; product no. 1801) were from Abcam; and ZP2 (1:300 dilution; product no. 32894) was from Santa Cruz. Controls were incubated with isotype-matched IgG. After washing three times, cells were incubated with either FITC-or PE-conjugated secondary antibody for 1 h at room temperature. After washing three times with PBS, nuclei were stained with DAPI and visualized with a fluorescence microscope.
To examine protein expression, cells were collected and treated with 200 ll cell lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM PMSF, 1 mM EDTA, 1% Triton X-100, and 1% sodium deoxycholate, 0.1% SDS). An equal amount of cell lysates were separated using 12% SDS-PAGE at 80 V for 2 h. Proteins were blotted onto a nitrocellulose membrane by semidry blotting materials (Bio-Rad). The membrane was blocked with 5% skim milk for 2 h and incubated with polyclonal rabbit anti-human VASA, OCT4, ZP2, and antibeta-actin (1:1000-1:2000) for 2 h at room temperature, followed by incubation with a horseradish peroxidase-conjugated secondary antibody. Immunoreactive bands were detected using an ECL kit (Pierce).
Statistical Analysis
Values were presented as the mean 6 SEM. Statistical significance was assessed with the Student t-test where indicated in the figure legends. The statistical analyses were performed using Prism software (GraphPad Software, Inc.).
RESULTS
Characterization of hAFSCs
Eleven hAFSC lines, which showed fibroblastoid morphology and had excellent cell vitality, were isolated from amniotic fluid specimens of 26 patients. The isolated hAFSC lines could be propagated in vitro for up to 45 passages (Fig. 1A) . The doubling time of hAFSCs was 32 h in FBS medium and 36 h in KSR medium (Fig. 1B) . The hAFSC line 070607 that showed a normal karyotype (46, XX) and DNA content at 15 and 35 passages was used for the following experiments (Fig. 1, C and  D) .
Immunocytochemistry results showed that hAFSCs retained ES cell markers OCT4, SOX2, SSEA-4, TRA-1-60, and CD117 ( Fig. 2A) . Negative controls with rabbit and mouse IgG were performed to verify the specificity of immunostaining (Supplemental Fig. S1A ). Flow cytometry showed that hAFSCs retained the mesenchymal stem cell (MSC) markers CD29 (99.2%), CD44 (99.8%), and CD117 (99.8%), and lacked the hematopoietic stem cell and lineage markers CD34 (0.1%) and CD45 (1%) (Fig. 2B) . Two additional hAFSC lines, 070609 (XX) and 091122 (XY), detected by flow cytometry, were CD44 positive with 99.8% and 85.8%, respectively, and CD117 negative with purity of 2.0% and 0.2%, respectively (Supplemental Fig. S2A ). The results of semiquantitative RT-PCR showed that hAFSCs from different passages (p6-p40) expressed embryonic (OCT4 and NANOG) and mesenchymal (CD90 and CD117) stem cell markers, as well as leukocyte antigen HLA-A, but did not express the hematopoietic stem cell marker CD45 (Fig. 2C and Supplemental Fig. S3A ).
To perform a multilineage differentiation in vitro, hAFSCs were grown in the suspension culture to form EBs that showed AP activity and expressed markers for the three germ layers because of spontaneous differentiation (Supplemental Fig.  S2B ). EBs derived from hAFSCs retained the potential to differentiate into myocytes and neural cells (Supplemental Figs. S2, C and D, and S3B), as confirmed by immunostaining and RT-PCR. These results show that the CD117 þ /CD44 þ hAFSCs retained excellent viability and proliferation ability and had multilineage differentiation potential.
Formation of Primordial Follicle-Like Structure
After induction for 5 days, the morphology of hAFSCs was changed from fibroblastoid type to round, and cell aggregates were formed in 10-15 days. The scheme of hAFSC differentiation into germ cells is sketched to present the time course and key differentiation stages (Fig. 3A) . Some aggregates showed morphological structures similar to a primordial follicle and exhibited AP activity (Supplemental Fig. S4Aa ). The follicle-like structure transiently transfected with a pBMP-EGFP plasmid showed strong activation of BMP15, an oocyte-specific protein that shares high homology with GDF9 and plays crucial roles in both oocyte maturation and fertilization (Fig. 3B) . Semiquantitative RT-PCR determined that expression of BMP15 was activated at a later stage of the differentiation process, as reported previously [19] , whereas GDF9 was activated in the early stage of induction (Supplemental Fig. S4Ba ). COC structures with granulosa cells could be excluded from the aggregate and OLCs of different sizes were observed to be detached from the aggregate; some were attached to the surface of the culture plate and some were floating in the media (Fig. 3C and Supplemental Fig. S4A, b  and c) .
To monitor the evidence of female hormone synthesis during OLC differentiation, the expression of genes related to OOCYTE-LIKE CELLS FROM hAFSCS estrogen biosynthesis was determined at different time points. Estradiol levels in the culture media collected from 0 to 10 days were measured with a radioimmunoassay; the results showed that the estradiol level in the culture media had significantly increased over the incubation time, suggesting that the folliclelike structures had produced female hormone (Fig. 3D) . Estradiol production and the expression of genes that encode steroidogenic enzymes were evidence of functional activity of the follicle-like structures derived from hAFSCs. In normal hAFSCs, expression of P450 (encoding P450 aromatase) and CYP17 (encoding P450 17alpha-hydroxylase), two crucial genes involved in estrogen biosynthesis, and expression of follicle-stimulating hormone receptor (FSHR) were very low or undetectable. However, after incubation in Medium-GC for 5 days, expression of these genes was significantly increased in both attached cells and floating aggregates (Fig. 3D) , suggesting that the granulosa cell-like cells within the cell aggregates might play a role. Unlike noninduced hAFSCs, haploid cells were detected during differentiation, and the population of haploid cells increased from Day 5 to Day 10 (Fig. 3E) . The genes SCP3, DMC1, and FOXL2 that regulate meiosis were detected by RT-PCR, showing the activation of meiotic gene expression in the cell aggregates (Supplemental Fig. S4Bb) .
Characterization of Primordial Follicle-Like Structures
Human AFSCs, as distinguished from other MSCs, highly expressed OCT4, CD29, and STELLA, and retained a basal level of DAZL (Fig. 4A and Supplemental Fig. S3Ca ). Within 10 days of differentiation, cell aggregates were formed, and some of them were floating in the medium. Quantitative analysis of cell aggregates showed that oocyte-specific gene expression was significantly activated: for instance, the FIGLA and GDF9 levels increased more than 10-fold, and DAZL and IFITM3 levels increased more than 2-fold ( Fig. 4B and Supplemental Fig. S3C ). To monitor protein expression, samples were collected from different time points and analyzed with Western blots. OCT4 was expressed from Day 0 to Day 20, whereas VASA, a unique protein in germ cell lineages [25] , was detected on Day 10 of differentiation (Fig. 4C) . We speculate that one reason that hAFSCs can be converted into primordial follicle-like structures within a short period of time-instead of more than 1 mo [8] -is that hAFSCs retain the ability (or can be induced) to express many early germ cellspecific markers.
To further characterize the primordial follicle-like structures, we performed immunocytochemical analysis. The pluripotent markers OCT4 and NANOG were present in the A) The morphology of hAFSCs cultured in vitro for more than 45 passages (P45). B) Growth curve of hAFSCs at passage 6. Cells were cultured in media supplemented with 5%, 10%, and 15% FBS or 5%, 10%, and 15% KSR (n ¼ 3). C) The karyotype of hAFSC line 070607 at passage 15. D) Flow cytometry analysis of DNA content of hAFSCs at passages 15 and 35 (P15 and P35). DNA was stained with PI. G1, S, and G2/M indicate the phases of the cell cycle. G1, the normal growth phase; S, the DNA replication phase; G2, involving growth and preparation for mitosis; and M, mitosis. G2/M, DNA damage checkpoint, means the cell from entering mitosis if genome is damaged.
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follicle-like structures, but SOX2 was undetectable. ZP2, which plays a role during fertilization and preimplantation development, was also expressed in the follicle-like structures (Fig. 4D) . Stained follicle-like structures showed nuclear staining of SCP3 in the cumulus oophorus (Supplemental Fig. S4C) . In a previous report [19] we constructed a pBMP15-EGFP vector to track the differentiation of hAFSCs into OLCs. The BMP15 involved in oocyte and follicular development was undetectable in normal hAFSCs [26] . After 15 days of differentiation, cells at different differentiated stages transfected with pBMP15-EGFP and immunostained with the specific germ cell markers VASA and ZP2 displayed BMP15/VASA and BMP15/ZP2 colocalized in the follicle-like structures in the cell aggregate (Fig. 4E) . These data suggest that hAFSCs grown in Medium-GC can be converted into female germ cells.
Generation of OLCs
In less than 20 days of differentiation, cell aggregates showed the well-organized morphology of primary or secondary follicles with large nuclei (Fig. 5Aa and Supplemental Fig.  S5Aa ). Cell aggregates and detached cells were harvested and cultured in Medium-OLC. OLCs attached to the plate surface were of various sizes (.50 lm diameter) and were surrounded by granulosa cell-like cells (Fig. 5Ab and Supplemental Fig.  S5Ab) . After a few days, individual OLCs and COCs started to detach from the aggregate. Occasionally, OLCs coated with a ZP detached from COCs and floated in the media (Fig. 5B and Supplemental Fig. S5C ). Floating OLCs ranged from 50 to 120 lm in diameter and were CD117 and ZP2 positive (Supplemental Figs. S5, B and C, and S1, B and C). OLCs were protected with only a thin ZP and were thus fragile and extremely difficult to manipulate with a micropipette (Fig. 5C) . ZP1, ZP2, and ZP3 expressions during 0-15 days of differentiation were analyzed by semiquantitative RT-PCR ( Fig. 5D and Supplemental Fig. S3Cb ). ZP1 and ZP3 were detected in both hAFSCs and OLCs, but ZP2 was detected only after 10 days of differentiation; the presence of ZP2 protein was confirmed by Western blotting (Fig. 5E ).
Parthenogenetic Embryo-Like Structures Derived from hAFSCs
During 20-25 days growth in Medium-OLC, OLCs spontaneously developed into multicell structures similar to preimplantation embryos. Nuclear staining with DAPI indicated the presence of two-, four-, and multiple-cell embryos ( Fig.  6A and Supplemental Fig. S6 ). Most embryos were fragile, but in some cases the embryo was surrounded with a ZP (Supplemental Fig. S6A ), suggesting that OLCs could be parthenogenetically activated in the current culture conditions, although blastocyst-like structures were not yet discovered.
FIG. 2. Characterization of hAFSCs. A)
Immunofluorescence assay of hAFSCs at passage 6. The stem cell markers OCT4, SSEA-4, and CD117 were highly expressed in hAFSCs, but expressions of SOX2 and TRA-1-60 were low. B) Expression of cell surface antigens was examined by flow cytometry. Antibodies against CD34 (,0.1%) and CD45 (,0.1%) were conjugated with FITC, and antibodies against CD29 (99.2%), CD44 (99.8%), and CD117 (99.8%) were conjugated with PE. C) RNAs were prepared from hAFSCs at passages 6, 12, 18, 24, 30, and 40. Expressions of OCT4, NANOG, CD90, CD117, HLA-A, and CD45 were detected by semiquantitative RT-PCR. GAPDH was used as an internal control.
OOCYTE-LIKE CELLS FROM hAFSCS
Interestingly, the attached cells could also form parthenogenetic embryo-like structures with compacted morphology and high nuclear:cytoplasmic ratio ( Fig. 6B and Supplemental Fig.  S6D ). VASA protein was detected in four-and eight-cell embryos (Supplemental Fig. S7 ). BMP15 was undetectable in multiple-cell embryos ( Supplemental Fig. S7) ; unlike in the follicle formation stage, BMP15 and VASA were colocalized in a follicle-like structure (Fig. 4E) . This observation agreed with previous reports that 1) BMP15 was important for ovulation and female fertility, but was immediately downregulated during embryonic activation and cleavage [27] and 2) VASA protein was involved in human embryogenesis [28] .
To elucidate the functions of OCT4 and CD117, which were highly expressed in hAFSCs ( Fig. 2A) and played a role in gametogenesis and oocyte maturation, we performed immunocytochemistry staining to detect their expression in two-cell embryos after 15-20 days of differentiation. The result showed that OCT4 and CD117 were colocalized in two-cell embryos (Fig. 6C) , suggesting that both proteins were involved in the progression of oogenesis and embryogenesis during in vitro differentiation [29, 30] .   FIG. 3 . Differentiation of hAFSCs into primordial follicle-like structures. A) Scheme of hAFSC differentiation into germ cells. Round primordial folliclelike structures 25-50 lm in diameter (white arrow) were observed in 10-15 days of differentiation. OLCs could be further developed when cultured in Medium-OLC. B) Primordial follicle-like structures showed green fluorescence after transient transfection with a pBMP15-EGFP plasmid. C) A COC was released from a cell aggregate (a), and OLCs of different sizes were denoted next to the aggregates (b) (arrows). D) Determination of estradiol level and hormone related gene expressions. Expressions of P450 aromatase (P450), P450 17alpha-hydroxylase (CYP17), and FSHR were determined by qRT-PCR using cells from 0 days (0d), 5 days (5d), and 10 days (10d) of differentiation; floating cell aggregates (CA) were collected after 15 days of differentiation. COCs were donated from in vitro fertilization patients (*P , 0.05; **P , 0.001; n ¼ 3); the data represent mean 6 SEM from three independent experiments. The estradiol levels in pFF and culture media collected from 0 to 10 days of differentiation were measured by radioimmunoassay; error bars show the SDs. E) DNA content of differentiated cells stained with PI at Days 0, 5, and 10 was analyzed by flow cytometry. Gate shows haploid cell numbers (n ¼ 3).
DISCUSSION
Previous reports have indicated that hAFSCs are multipotent stem cells with potential for use in cell therapy and tissue engineering [2, 3, 7] . Unlike pluripotent ES cells and lineagerestricted somatic stem cells, hAFSCs can be easily isolated and cultured, and show strong capabilities of proliferation and propagation. Our study shows that the doubling time of hAFSCs is about 32 h, and cells presented a normal karyotype. Gosden reported that amniotic fluid contained a mixture of multiple cell types originating from the developing embryo [31] . We found that both epithelial-like and fibroblast-like cells appeared in the primary amniotic fluid cell culture. After several passages, cells exhibited a fibroblast-like appearance and could form EBs when grown in a suspension culture. When cultured in Medium-GC, hAFSCs differentiated into cells representing all three germ layers, PGCs, and gametes. Previous work reported by us [5] and others [4] has shown that amniotic fluid stem cells expressed the MSC markers CD29, CD44, and CD117, but did not express the hematopoietic cell markers CD34 and CD45. After hAFSCs sorting, we found that the CD117 þ /CD44 þ hAFSC line 070607 (XX) retained a higher potential to differentiate into OLCs, whereas in hAFSC lines 070609 (XX) and 091122 (XY), which had a mixed population of CD117 À and CD44 þ cells, the reproducibility and productivity of OLC derivation were low. These features suggest that hAFSCs could be an ideal cell resource for regenerative medicine and tissue engineering.
Many studies have shown that germ cell-like cells can be generated from ES, iPS, and adult stem cells in vitro [8, 13, 14, 32] , providing a model to study the epigenetic modification of early development. Additionally, both female and male stem cells retain the potential to initiate germ cell differentiation, as shown by the activation of germ cell markers and the formation of COCs [33, 34] . The approach of differentiating into PGCs following EB formation is commonly used to initiate OLC development. When factors that promote pluripotency are removed, ES cells differentiate spontaneously by means of the steroid hormones produced by EBs, and form follicle-like structures from which OLCs were extruded [9, 35] . Addition of BMP4 or overexpression of intrinsic regulators such as VASA, DAZL, and GDF9 improves OLC production and promotes meiotic progression of ES-derived germ cells in vitro [10, 36] . , and Western blotting (C). GAPDH (GAP) and beta-actin were used as internal controls, and human ovary tissue was used as a positive control. CA indicates floating cell aggregates (*P , 0.05; **P , 0.001, n ¼ 3). The data represent mean 6 SEM from three independent experiments. D) Immunocytochemistry analysis of primordial follicle-like structures. Primary antibodies against OCT4, NANOG, SOX2, and ZP2 were applied, followed by a secondary antibody conjugated with FITC. Nuclei were stained with DAPI. E) Immunocytochemistry analysis of VASA and ZP2 colocalization with BMP15. Cells differentiated at different time points were transiently transfected with the pBMP15-EGFP plasmid. Colocalization of green fluorescent protein with either VASA or ZP2 was monitored.
OOCYTE-LIKE CELLS FROM hAFSCS
However, the process is time consuming and inefficient. Alternatively, OLCs could be derived from monolayer culture through the formation of aggregates, which can be cultured in media supplemented with gonadotropin, ITS, growth factors, forskolin, and retinoic acid [8, 33] . In this study, we demonstrated that OLCs could be derived from hAFSCs by a two-stage induction in a monolayer culture. The monolayer of cells incubated in media with freshly prepared pFF significantly enhanced the formation of aggregates. Following ITS and gonadotropin treatments, the percentage of postmeiotic OLCs with ZP increased, and matured oocytes developed into multicell embryos. However, when follicle fluid was replaced with retinoic acid in the medium we used to perform the induction, the efficiency of OLC derivation was very low.
ES-derived OLCs have been produced after induction for 26 days in a monolayer culture without feeder cells and without addition of growth factors [8, 34] ; skin stem cell-derived OLCs have been generated by adding 5% pFF, growth factor EGF, and hormones ITS, FSH, and LH, and by extending induction to 30-50 days [8, 34] . Other reports have also shown that mouse SSEA-1 þ bone marrow cells [37] and VASA þ ovarian cells [38] , as well as OCT4 and SSEA-1 positive cells derived from rat pancreatic stem cells [16] could be used to generate OLCs. Compared to ES-derived and skin stem cell-derived OLCs, we found that hAFSC-derived OLCs could be generated in a shorter time (,3 wk) with higher efficiency (2%), possibly because hAFSCs intrinsically express the germ cell markers DAZL, GDF9, STELLA, and CD29, which accelerate cell differentiation to PGCs. In a previous report, we found that BMP15 rather than GDF9 was a specific and efficient marker of oocyte development during hAFSC differentiation [19] . BMP15 is produced by oocytes and plays important roles within the ovary, such as promoting early folliculogenesis and enhancing cumulus cell expansion. Previous reports have revealed that BMP15 prevents precocious oocyte maturation in zebrafish and maintained oocyte quality [39] . GDF9 is continuously expressed in hAFSCs, but not in mouse ES cells, whereas BMP15 is absent in both mouse ES cells and hAFSCs, but is detected in mouse ES cell-derived OLCs and hAFSCderived OLCs. These observations might explain why hAFSC differentiation into OLCs is easier and faster than ES-derived and skin stem cell-derived OLCs. We also found a difference in the ZP gene expression profile between mouse ES cell-derived and hAFSC-derived OLCs. ZP is a glycoprotein membrane that forms on the outside of the plasma membrane of an oocyte. ZP comprises three major glycoproteins, ZP1, ZP2, and ZP3, with ZP1 serving as a linker between ZP2 and ZP3. ZP2 functions as a secondary sperm receptor during fertilization and ZP3 serves as a primary sperm receptor and acrosome reaction inducer [40] . ZP1 and ZP3 were detectable in uninduced hAFSCs (Fig. 5D) , and ZP3 expression significantly increased during the generation of OLCs. ZP2 was detected only in later A) The morphologies of primary follicle (a) and secondary follicle (b) were observed after 20 days of differentiation. An arrow indicates the nucleus of an OLC stained with DAPI (inset). B) An OLC was formed from a cell aggregate (inset). The COC structure, the attached OLC, and a floating OLC were stained with DAPI. The ZP structure is indicated by arrows. C) An OLC was stained with DAPI and picked up with a holding pipette. D) Expressions of ZP glycoproteins 1, 2, and 3 (ZP1, ZP2, and ZP3) from 0 to 15 days of differentiation were analyzed by semiquantitative RT-PCR. GAPDH (GAP) was used as an internal control. E) Western blotting of ZP2 expression. Human ovary tissue provided by the Maternal and Child Health Hospital was used as a positive control, and beta-actin was used as an internal control.
YU ET AL. induction (Day 10), and was not detected in preinduction or early induction (Day 5). Similar observations were reported by Hubner et al. [8] ; however, the researchers did not thoroughly observe ZP1 expression in ES cell-derived OLCs.
We found that inclusion of pFF in the induction media was crucial for facilitating the efficiency of hAFSC differentiation. The pFF extracted from preovulatory follicles 3-6 mm in diameter gave better results than the pFF from smaller or larger follicles. Follicular fluid contains numerous bioactive factors such as GDF9 [41, 42] , BMP15 [43] , bFGF [44] , insulin-like growth factor [45] , and gonadotropins [42] . These factors are secreted from granulosa cells, theca cells, and oocytes and play important roles in regulating folliculogenesis and oocytogenesis [46, 47] . Several studies have shown that pFF effectively promotes the formation of germ-like cells from stem cells [14, 19, 34] .
Although hAFSC-derived OLCs were morphologically similar to human oocytes, OLC development was not synchronized, as shown by the difference in oocyte sizes (50-120 lm) after 20-25 days of differentiation. The quality of derived oocytes was also inconsistent; some oocytes with ZP could be manipulated by micropipette, but many oocytes were without ZP and were thus fragile and extremely difficult to handle. We detected the expression of P450 and CYP17, two key genes for estrogen production; we measured the estradiol production from COCs and we detected FSHR expression in OLCs. These results might show that during differentiation a culture microenvironment was created that facilitated cells' response to endocrine-ovarian cell regulation. Further investigation might uncover the existence and function of granulosa cell-like cells in the aggregates and the COCs. Recent advances have shown that reconstituted ovarian cells that had undergone X reactivation, imprint erasure, and cyst formation mature in vivo into germinal vesicle-stage oocytes, which then contribute to the production of fertile offspring after in vitro maturation and fertilization [17] .
We found that hAFSC-derived OLCs produced via ovarian steroid hormone stimulation could develop to parthenogenetic embryo-like structures that express the germ cell markers OCT4 and CD117. These results are consistent with previous observations [8, 9, 48] . Although the meiosis-specific marker SCP3 is slightly detectable in embryo-like structures, a small percentage of OLCs show a haploid population that was reported to be present in ES/iPS-derived OLCs but not in somatic stem cell-derived OLCs [9, 13, 14] .
As the potential of in vitro fertilization is as yet unproven, the quality of hAFSC-derived OLCs comparing with the fertilization-competent eggs produced in vivo is still an issue that remains to be improved. In follicle formation, oocytes secrete soluble paracrine growth factors that regulate granulosa cell development; granulosa cells in turn regulate oocyte growth [49] . Optimizing the culture condition to produce granulosa cell-like cells, which was not fully investigated in this study, is important for the reconstitution of oocyte developmental microenvironment. Elucidating the oocytesomatic cell interactions at the various stages of induction will 
have important implications for our understanding of factors regulating folliculogenesis and oocytogenesis. Also, granulosa cells are involved in the formation of ZP, which is a key part of the oocyte and plays vital roles during oogenesis and fertilization [50] . Some OLCs in this study as well as others [8, 14] were covered with ZP; however, the coating was thin and fragile, making the cells difficult to handle with micromanipulator. Because human egg ZP consists of four glycoproteins, hZP1 (100 kDa), hZP2 (75 kDa), hZP3 (55 kDa), and hZP4 (65 kDa) [50] , increasing the expression of these four proteins during OLC derivation may help to achieve tougher OLCs. Overall, this study of in vitro maturation of hAFSC-derived OLCs provides an accessible cell model for studying germline epigenetic modification and human oogenesis.
